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Appendix 4
This Appendix is accepted pending revisions for publication in Australian Journal of Earth Sciences as:
The tectonic significance of Lower Permian successions in 
the Texas Orocline (Eastern Australia)
Campbell, M., Rosenbaum, G., Shaanan, U., Fielding, C., and Allen, C.
A4.1. ABSTRACT
The Texas Orocline is a prominent orogenic curvature that developed during the Early 
Permian in the southern New England Orogen. Outliers preserving Lower Permian 
sedimentary successions (Bondonga, Silver Spur, Pikedale, Terrica, Alum Rock and 
Ashford) approximately outline the oroclinal structure, but the tectonic processes 
responsible for the development of these basinal successions and their relationships 
to the Texas Orocline are still unclear. Here we address this shortcoming by providing 
new U-Pb detrital and primary zircon ages from these successions, as well as detailed 
stratigraphic and structural data from the largest exposed succession (Bondonga 
beds). Field observations and U-Pb geochronological data suggest that the Lower 
Permian successions in the Texas Orocline are remnants of a single, formerly larger 
basin that was deposited after ~302 Ma. Time constraints for deposition of this 
basin are correlative with constraints for the Lower Permian Nambucca Block. Basin 
formation was likely triggered by regional backarc extension, which occurred during 
and/or after the development of the Texas Orocline. These results, therefore, further 
support the suggestion that oroclinal bending was primarily controlled by trench retreat 
and associated overriding-plate extension.
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A4.2. INTRODUCTION
The New England Orogen is a late Paleozoic to early Mesozoic subduction-related 
orogen that constitutes the easternmost part of the Australian continent (Fig. A4.1a). 
The southern part of the orogen is characterised by a series of sharp bends (oroclines), 
which include the Texas, Coffs Harbour, Manning and Nambucca oroclines (Fig. 
A4.1b). The shape of the oroclines is recognised by the arrangement of Devonian-
Carboniferous forearc basin blocks (Fig. A4.1c; Cawood et al., 2011a; Glen and Roberts, 
2012; Hoy et al., 2014), the curvature of structural and magnetic fabrics (Fig. A4.1c; 
Lennox and Flood, 1997; Aubourg et al., 2004; Li et al., 2012, Li and Rosenbaum, 
2014; Mochales et al., 2014), the map-view curvature of Lower Permian granitoids 
(Fig. A4.1d; Rosenbaum et al., 2012), and the trace of a Paleozoic serpentinite belt 
(Fig. A4.1e; Korsch and Harrington, 1987; Rosenbaum, 2012). Time constraints for 
the formation of northern part of the New England oroclinal structure indicate that 
oroclinal bending occurred during the Early- to Middle Permian (Cawood et al., 2011b; 
Rosenbaum et al., 2012).
The Texas Orocline, which is the largest orocline in the New England Orogen (Fig. 
A4.1b), is best evident by the curvature of bedding and structural fabrics within 
Devonian-Carboniferous accretionary complex rocks (Lennox and Flood, 1997; Li et al., 
2012). Several outliers exposing Lower Permian sedimentary successions (Bondonga, 
Silver Spur, Pikedale, Terrica, Alum Rock and Ashford) occur in the vicinity of the Texas 
Orocline (Figs. A4.1f, and A4.2a; Donchak et al., 2007), but the relationship between 
their origin and the development of the orocline is still unclear. These Lower Permian 
outliers are thought to have formed simultaneously with the development of rift basins 
(Sydney-Gunnedah-Bowen Basin System) that extend along the entire western 
margin of the New England Orogen (Fig. A4.1a), and was likely developed in response 
to trench retreat (Korsch et al., 2009; Brooke-Barnett and Rosenbaum, 2015). The 
possibility that trench retreat has played a major role during oroclinal bending has been 
suggested by a number of authors (Rosenbaum et al., 2012; Shaanan et al., 2015), 
but additional data on the sedimentary and structural history of the Lower Permian 
successions are required in order to test this hypothesis.
In this paper, we present new U-Pb geochronological data from the Bondonga, 
Silver Spur, Pikedale and Terrica beds. The new geochronological data provide new 
constraints on the maximum age of deposition and the provenance of each of these 
successions. These data allow us to evaluate temporal relationships among the 
basins within the Texas Orocline. Out of the Permian successions in the area of the 
Texas Orocline, the Bondonga beds are the largest exposure (Fig. A4.2a), but the 
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lithology, stratigraphy and structure of this sedimentary succession have not received 
much attention in published literature. We therefore present a new geological map, 
stratigraphic description, cross section and structural analysis of the Bondonga beds 
that provide further insights into the depositional setting and tectonic history of this 
basin. A comparison of our new geochronological data with detrital zircon ages from 
other Lower Permian successions in the southern New England Orogen allow us to 
better understand the tectonic setting during oroclinal bending.
A4.3. GEOLOGICAL SETTING 
The geology of the easternmost part of the Australian continent is dominated by 
Paleozoic and early Mesozoic rocks of the New England Orogen (Fig. A4.1a, and b). 
The southern part of the New England Orogen predominantly consists of Devonian-
Carboniferous forearc basin and accretionary complex rocks (Tamworth Belt and 
Tablelands Complex, respectively; Leitch, 1974; Roberts and Engel, 1987). These 
two units are separated by a tectonic contact, the Peel-Manning Fault System, along 
which a lithological assemblage of early Paleozoic serpentinites and high-pressure 
metamorphic rocks are exposed (Fig. A4.1b, and e). In the area of the Texas Orocline, 
most of the exposed Paleozoic rocks belong to the Tableland Complex (Texas beds), 
and the contact between the Tamworth Belt and Tablelands Complex is concealed 
under younger sedimentary cover (Fig. A4.1b; Wartenberg et al., 2003; Brooke-Barnett 
and Rosenbaum, 2015).
The Devonian-Carboniferous rocks in the southern New England Orogen are intruded 
by a belt of Lower Permian S-type granitoids (298-288 Ma; Cawood et al., 2011a; 
Rosenbaum et al., 2012). This belt of granitoids outlines the curved structure of the 
Texas, Manning and Nambucca oroclines (Fig. A4.1d). Assuming that the curved shape 
of the granitic belt was achieved by oroclinal bending, Rosenbaum et al. (2012) have 
considered the age of the granites as a maximum constraint for the timing of oroclinal 
bending. Upper Permian to Triassic (260–230 Ma) magmatic rocks that crosscut the 
oroclinal structure indicate that the oroclines formed prior to 260 Ma (Cawood et al., 
2011b; Rosenbaum et al., 2012). Furthermore, paleomagnetic constraints for the 
Manning Orocline indicate that the southern part of the structure formed during the 
Early Permian (Shaanan et al., in press).
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Figure A4.1. Maps of East Australia, the southern New England Orogen and elements of the New 
England oroclinal structure. (a) East Australia with the New England Orogen (light brown), Sydney-
Gunnedah-Bowen Basin System and Galilee Basin (Blue). (b) Geological map of the southern New 
England Orogen.  (c-e) Geological elements that are marking the oroclinal structure; (c) Devonian-
Carboniferious forearc basin exposures and trend of structural fabric in Devonian-Carboniferous 
accretionary complex rocks, (d) Early Permian, S-type granitoids (298-283 Ma). (e) Early Paleozoic 
serpentinites. (f) Distribution of Early Permian sedimentary basins in the Texas Orocline. Dashed black 
line marks the strike of the axial plane of the Texas Orocline (Li et al., 2012). Abbreviations are: AL – 
Alum Rock beds, AS – Ashford Basin, BB – Bondonga beds, Cr – Cranky Corner Block, Dy – Dyamberin 
Block, Em – Emu Creek Block, Ha – Hastings Block, Ma – Manning Basin, Na – Nambucca Block, PK 
– Pikedale beds, SS – Silver Spur beds, TB – Terrica beds, We – Werrie Block.
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Figure A4.2. Geological maps, stratigraphic column and cross section of the work area: (a) Simplified 
geological map of the study area. (b) Geological map of the Bondonga beds. (c) Cross-section A-A’ 
through the Bondonga beds (no vertical exaggeration; see location on section b). (d) Google Earth 
image showing the locality and observed geological contacts for the Gibraltar Ignimbrite, Bondonga 
beds and Texas beds. 
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Lower Permian sedimentary rocks in the proximity of the New England Orogen 
predominantly belong to the Sydney Gunnedah and Bowen basins (Fielding et al., 
1997; Holcombe et al., 1997; Korsch et al., 2009). The origin of these basins is thought 
to be associated with extensional tectonism that possibly occurred in a backarc 
environment (Korsch et al., 2009). In addition to the large Sydney-Gunnedah-Bowen 
Basin System, smaller exposures of Lower Permian sedimentary successions are 
found throughout the southern New England Orogen. These include the Nambucca 
and Dyamberin blocks, Manning Basin and smaller outliers in the area of the Texas 
Orocline (Fig. A4.1b, and f). 
The exposures of Lower Permian sedimentary successions in the vicinity of the 
Texas Orocline (Silver Spur, Bondonga, Pikedale, Terrica, Alum Rock and Ashford) 
approximately trace the oroclinal structure (Fig. A4.1f). The Silver Spur, Terrica and 
Alum Rock beds unconformably overlie and/or are faulted against the accretionary 
complex rocks of the Texas beds (Olgers et al., 1974). The boundary between the 
Bondonga and Pikedale beds and the underlying Texas beds has not been established 
but has been assumed to be a fault contact (Olgers et al., 1974).
The dominant lithologies that make up the Lower Permian successions in the Texas 
Orocline are sandstone, pebbly sandstone, conglomerate, diamictite and mudrock 
(Olgers et al., 1974; Donchak et al., 2007). Clasts of chert, sandstone, and volcanic 
rocks in the Terrica, Silver Spur and Alum Rock beds are thought to be derived from 
the Carboniferous Texas beds (Olgers et al., 1974). Interbedded volcanic rocks are 
exposed in the Alum Rock (Berg, 1973) and Bondonga beds (Olgers et al., 1974; 
Donchak et al., 2007). Estimated thicknesses of the Pikedale, Terrica and Alum Rock 
beds range from 280 m to 320 m (Lucas, 1957; McDonagh, 1962; Berg, 1973), but 
correlations between the different successions have hitherto not been established. 
The best-constrained age for Lower Permian successions in the Texas Orocline is from 
the Alum Rock beds (Olgers et al., 1974; Roberts et al., 1996). The 280–320 m thick 
succession preserves lower Asselian macroinvertebrate fossils in the lower part of the 
succession, and mid-Sakmarian invertebrates from the top of the succession (Olgers 
et al., 1974). A U-Pb SHRIMP age of 293.73.4 Ma has been obtained from a pyroclastic 
rock from the upper part of the succession (Roberts et al., 1996). This indicates that 
the age of the Alum Rock conglomerate is predominantly Asselian (basal Permian). 
The lower half of the exposed succession preserves extensive diamictites, gravel-rich 
siltstones and conglomerates, with both land plant fossils and brachiopods (Olgers et 
al., 1974). A glaciomarine (to possibly fjordal) environment of deposition is indicated. 
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Furthermore, marine macrofossils identified in other Lower Permian successions of the 
Texas Orocline suggest an Early Permian age (McDonagh, 1962; Berg, 1973; Olgers 
et al., 1974). Early Permian marine macrofossils have also been identified at several 
localities within the Silver Spur and Bondonga beds (Olgers et al., 1974). Lucas (1957) 
identified crinoids and small spiriferid impressions (moulds) at the faulted base of the 
Terrica beds sequence. Permian fossils in the Terrica beds show similarities with fossils 
identified in the Alum Rock beds, suggesting a Cisuralian (Early Permian) age (Lucas, 
1957; Donchak et al., 2007). No fossils have been reported for the Pikedale beds, so 
the inferred Early Permian age of this succession is based on the lithological similarity 
to the adjacent Lower Permian successions (Olgers et al., 1974). 
The Bondonga beds are unconformably overlain (in the area of Mole River; Fig. A4.2c) 
by the Mosman Formation, which in turn is conformably overlain by the Gibraltar 
Ignimbrite (Fig. A4.2c, and d; Barnes and Willis, 1989). The Mosman Formation consists 
of 10–25 m of fluviolacustrine interbedded conglomerate, lithic/feldspathic sandstone 
and mudstone. Vickery (1972) recorded Permian Glossopteris-Gangamopteris flora 
in the Mosman Formation, suggesting that deposition of the Bondonga Beds did not 
continue after the Permian. The Gibraltar Ignimbrite has hitherto not been dated, but 
it has been suggested that this unit is correlative to the Middle to Upper Permian 
Emmaville Creek Volcanics (Barnes and Willis, 1989).
A4.4. GEOLOGY OF THE BONDONGA BEDS
A new geological map of the Bondonga beds (Fig. A4.2b) integrates field observations, 
filtered aeromagnetic data and information from previous published maps (Olgers et 
al., 1974; Donchak et al., 2007).
A4.4.1. STRATIGRAPHY, LITHOLOGY AND PETROGRAPHY  
Dominant lithologies identified in the Bondonga beds are sandstone, conglomerate 
and diamictite, with a total estimated thickness of approximately 1400 m (Fig. A4.3). 
The Bondonga beds show an overall shallowing-upward trend with massive clast- 
and matrix- supported conglomerates dominating the base of the succession (Fig. 
A4.3f-h). Toward the top of the succession, lithologies are predominantly sandstones 
and diamictites (Fig. A4.3b-e). Graded- and cross-bedding (e.g., across type locality; 
Fig. A4.2a) indicates younging to the east (Fig. A4.3e), and thus overturning. A basaltic 
horizon (sill) within the Bondonga beds was also identified (Fig. A4.3b). Parts of the 
Bondonga beds, especially towards the eastern contact with the Texas beds, have 
been silicified (Fig. A4.3a) making primary sedimentological features, such as cross-
bedding difficult to identify in these areas. 
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Figure A4.3. Stratigraphic column and corresponding field photos of the Bondonga beds. Taken across 
type locality shown in Fig. A4.2a (Start of type locality: 28.858192°S, 151.475608°E. End of type 
locality: 28.847397°S, 151.490666°E). (a) Steeply dipping silicified layered sandstone (28.846782°S, 
151.489534°E). (b, and c) Sandstone and interbedded basaltic sill (28.860173°S, 151.479838°E). (d) 
Massive diamictite containing rounded to sub-rounded clasts (2–5% clasts) ranging between 1–3 cm 
in diameter within a muddy matrix (28.860420°S 151.480367°E). (e) Interbedded sequence of graded 
bedding and diamictite (28.860376°S 151.480036°E). (f) Massive matrix supported conglomerate in the 
Bondonga beds (28.859563°S 151.478744°E). (g, and h) Massive clast-supported conglomerate at the 
base of the Bondonga beds (28.858295°S, 151.475764°E). 
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Brachipod fossils are abundant in specific sedimentary horizons (Figs. A4.3, and 
A4.4). The abundance and high quality of preservation (Fig. A4.4a-c) suggest limited 
transportation of the brachipods. Brachiopod fossils are commonly shallow shelf 
dwellers, thus suggesting that deposition of the Bondonga beds occurred in a shallow 
marine environment during the Early Permian.
Sandstones within the Bondonga beds vary from fine- to coarse-grained, and are 
typically mineralogically immature, with compositions dominated by feldspars and lithic 
fragments that have been altered into clays. Diamictites in the Bondonga beds have 
a mudstone matrix, and are clast-rich to clast-poor, consisting of sub-angular to well-
rounded pebbles and cobbles of silicified sandstone, chert, volcanic and pyroclastic 
rocks. Both matrix- and clast-supported conglomerates were observed. Clast-
supported conglomerates occur as massive outcrop exposures within the Bondonga 
beds, whereas matrix-supported conglomerates are poorly sorted and commonly 
interbedded with sandstones. Clasts range from 5 cm to 20 cm in length, and are sub-
rounded to rounded pebble and cobbles of silicified sandstone, chert, volcanic rocks 
and pyroclastic rocks within a sandy matrix (Fig. A4.5a). 
The basaltic horizon (sill; Figs. A4.2b, and A4.3) is slightly porphyritic and composed 
of sparse plagioclase phenocrysts in a highly altered groundmass dominated by fine 
plagioclase laths (Fig. A4.5b).  A ~NE-SW striking rhyolitic dyke is also exposed in 
the northern part of the Bondonga beds, cross-cutting both the Bondonga beds and 
the Texas beds (Fig. A4.2b). It consists of quartz, altered potassium feldspar and 
plagioclase phenocrysts within an aphanitic groundmass (Fig. A4.5c). The Bondonga 
beds are unconformably overlain by a ~10–30 m sedimentary succession of the 
Mosman Formation (dipping shallowly to the north), which is in turn overlain by a 20–
80 m thick ignimbrite, known as the Gibraltar Ignimbrite (see cross section, Fig. A4.2c). 
The ignimbrite consists of large quartz, plagioclase and sanidine phenocrysts within an 
aphanitic groundmass consisting of volcanic shards (Fig. A4.5d). 
a.
b.
c. c.
1cm
1cm
2cm
Figure A4.4. (a) Brachiopod mould in interbedded medium grained sandstone and matrix-supported 
conglomerate (28.859528°S, 151.478617°E). (b) Well preserved brachiopod cast preserved within 
diamictite. (c) Brachiopod fossils preserved within interbedded diamictite and graded sandstone beds. 
(d) Undefined fossil.
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Figure A4.5. Outcrops and photomicrographs of rocks from the study area (top and bottom 
photomicrographs show cross and plain polarised light, respectively). (a) Matrix-supported conglomerate 
in the Bondonga beds (sampling site; 29.104756°S, 151.702341°E). (b) Basaltic horizon within the 
Bondonga beds. Rock is weakly porphyritic and comprises of sparse plagioclase phenocrysts in a highly 
altered groundmass dominated by fine plagioclase laths (28.860173°S, 151.479838°E). (c) Rhyolitic 
dyke intruded in the Bondonga beds (28.92688°S, 151.546263°E). (d) Porphyritic rhyolite from the 
Gibraltar Ignimbrite. Photomicrograph shows quartz and plagioclase phenocrysts within a fine-grained 
aphanitic groundmass (29.10132°S, 151.70917°E).
A4.4.2. DEFORMATION 
Exposure of the Bondonga beds is 
restricted to a narrow northwest-trending 
band, which is fault bounded against the 
Devonian-Carboniferous Texas beds and 
exposed against magmatic rocks in the 
south (Fig. A4.2b). Fault planes are poorly 
exposed, and were only observed in the 
southern section of the northern part of the 
area. Observed fault planes are steeply 
inclined to vertical with shallow pitching 
slickenlines that indicate a strike-slip 
sense of movement (Fig. A4.6). We used 
tilt angle derivation of reduced to pole grid 
data (from Geoscience Australia) to further 
constrain the geometry and kinematics of 
these faults (Fig. A4.7a). The offset and 
inferred dragging of magnetic anomalies 
in the eastern limb of the Texas Orocline 
is dominated by sinistral NW striking 
faults (Fig. A4.7b, and c). The overall 
distribution of faults is parallel to the 
structural grain of the Texas Orocline (Fig. 
A4.7a), consistently with the suggestion 
that the Bondonga beds are bounded 
by NW trending faults. Measured fault 
planes from the eastern contact between 
the Lower Permian Bondonga beds and 
Devonian-Carboniferous Texas beds are 
consistent with these orientations.
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Folds were identified in the northern part of the Bondonga beds (Figs. A4.6, and A4.8) 
but not in the southern part. Most folds are tight, steeply inclined folds, with axial trace 
and hinge orientated N-NW. One locality in the northern section of the Bondonga beds 
show evidence for type-2 fold interference patterns (Fig. A4.8a). 
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Figure A4.6. (top) Structural map of the northern 
exposure of the Bondonga beds.
Figure A4.7. (right) Magnetic (tilt angle, Geoscience 
Australia) image of the Texas Orocline with annotated 
faults and their interpreted kinematics. 10 cm
a.
b.
10 cm
a.
b.
Figure A4.8. Folds in the Bondonga beds. (a) Tight, symmetric, rounded, steeply inclined type-2 fold structure 
of an interbedded medium and fine-grained sandstone (28.858296°S, 151.475764°E). (b) Steeply inclined 
southwest trending folds of interbedded medium and fine-grained sandstone (28.94087°S, 151.53367°E).
85
Appendix 4
A4.5. PROVENANCE AND DEPOSITIONAL 
AGE OF BONDONGA, SILVER SPUR, 
PIKEDALE AND TERRICA BEDS 
A4.5.1. SAMPLE PREPARATION
In order to constrain the time of deposition and 
provenance of the Permian successions in the 
Texas Orocline, U-Pb geochronological investigation 
of detrital and primary zircons was conducted on 
7 sedimentary samples and one igneous sample 
(Bondonga, Silver Spur, Pikedale and Terrica 
beds and the Gibraltar Ignimbrite, respectively; for 
sampling sites see Fig. A4.2a). Sample preparation 
was conducted at The University of Queensland. 
Samples were washed of external dust and soil, 
and crushed into gravel size particles using the 
Sturevant Jaw Crusher, and again to fine grained 
particles using the Fritiscu (Dulverisehe 13) Disk 
Mill. Different mineral separation processes were 
utilised for samples that are aimed to constrain 
depositional ages and for samples used for 
provenance investigations, maximising the accuracy 
and reliability of the results (Table A4.1). All samples 
were initially crushed once and sieved through a 
600 µm mesh with only the finer fraction (<600 µm) 
used in the separation process described below. 
For the samples used for provenance investigation, 
a second separation stage was conducted, which 
included repeated crushing of both the coarse and 
fine fractions until the entire sample was sieved 
through 420 µm mesh (leaving no coarser fraction). 
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Table A4.1. Sample information and youngest ages.
Footnote: The different mineral separation processes are 
described in the Method section. Number of grains used to 
calculate youngest populations are next to age in brackets (n). 
Youngest concordant ages that were excluded from calculation 
of youngest populations are 261.7±17.1 Ma (SB_14_01, age did 
not reoccurred) and 312±12 Ma (GB_14_01, inherited xenocryst).
86
Appendix 4
The <420 µm samples were then taken through the entire separation process again to 
ensure that all (large and small) zircon crystals were separated, so full representation 
of all zircon populations was achieved. The igneous sample was crushed and sieved 
through a 420 µm mesh. The crushed samples were washed to remove fine-grained 
(dust sized) particles. The washed samples were placed in an oven set to 80ºC and 
allowed to dry for 4–5 days. A hand magnet and a Frantz Magnetic Barrier Separator 
were used for removal of magnetic particles. The non-magnetic component was placed 
into a separating funnel with Methyl Iodide (MEI) heavy liquids to sink the heavy mineral 
fraction. All zircon crystals were handpicked from the heavy fractions, yielding 130–200 
zircons from each sample. The separated zircons were mounted onto double sided 
tape and non-reactive epoxy. The hardened mounts were later polished to expose 
sections of the zircon crystals.
A4.5.1. ANALYTICAL METHODS
The polished zircons were imaged using a Zeiss AxioImager M2M microscope under 
both transmitted and reflected light to aid in target identification and tracking during 
analysis. Isotope data were obtained using an Agilent 8800 Laser Ablation Inductively 
Coupled Plasma Mass Spectrometer (LA-ICP-MS) at The Queensland University 
of Technology. Data acquisition of 17 isotopes involved 25 seconds of background 
measurement followed by 30 seconds of sample ablation in a He/Ar (+N) atmosphere 
using a beam diameter of 30 µm. A firing rate of 6 Hz and sample fluence of about 
0.6 mJ/cm2 was also used at the sample site from an ESI New Wave Excimer Laser 
system with Trueline cell. A total dwell time for the 17 isotopes was 0.4 seconds, so 
that an ablation produced about 70 individual analyses. The 206Pb, 207Pb, 208Pb, 238U, 
and 232Th masses necessary for dating were counted for half the analytical time (0.04 
seconds per mass). Their ratios were calibrated against Temora-2 (416.78 ± 0.33 Ma; 
Black et al., 2004) and the Plešovice zircon as a check standard (337.13 ± 0.37 Ma; 
Sláma et al., 2008). Beyond Pb, U and Th concentrations, elemental concentrations 
were determined from the following isotopes: 31P, 49Ti, 89Y, 91Zr, 139La, 140Ce, 141Pr, 146Nd 
or 147Sm, 153Eu, 163Dy, 175Lu, and 178Hf. The NIST SRM 610 glass standard was used to 
calculate trace element concentration using Si as an internal standard and assuming a 
stoichiometric concentration of 32.8% Si in zircon. 
Data were processed using Iolite software (Paton et al., 2011), and error correlation 
was done according to Ludwig (2003). Intervals were automatically selected and then 
visually edited to exclude, where possible, obvious inclusions based on P, Ti and La 
concentration patterns. For grains younger than 900 Ma, concordance is taken to be 
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age agreement within propagated 2 standard error uncertainty (Paton et al., 2011) for 
206Pb/238U and 207Pb/235U ages. For grains older than 900 Ma, 207Pb/206Pb are reported 
for the concordant grains. The percent common Pb and common Pb corrected ages 
were calculated following the method described in Bryan et al. (2004). This method 
of correction assumes that 206Pb/238U, 207Pb/235U, 208Pb/232Th and 207Pb/206Pb should all 
yield similar ages. 
The “selected” age for an analysis was decided as follows: for grains less than 900 
Ma, if both the corrected and uncorrected 206Pb/238U ages were deemed concordant, 
the one closest to concordia was selected, excluding grains with more than 2% of 
all 206Pb calculated as common. This arbitrary cut-off criterion resulted in the biggest 
age difference between corrected and uncorrected ages being 8 Ma, with most ages 
differing by ~2 Ma. For grains older than 900 Ma, common Pb corrected ages were not 
considered, because grains of this age tend to be discordant as a result of Pb loss. Data 
were disregarded for plotting if they had extraordinary trace element concentrations 
indicating the likely presence of inclusions: P>1000ppm, Ti>90ppm, or La>10 ppm.
Isoplot 3.7 toolkit (Ludwig, 2003) was used to calculate youngest zircon populations 
(weighted average ages) and display of relative probability plots. Samples were 
analysed in different sessions and therefore, propagated uncertainties were used 
(Paton et al., 2011). The extra uncertainty, beyond the homogeneity of the analysis 
itself is roughly 80% larger, reflecting uncertainty in the primary standard. A bin size 
of 25 Ma was used for cumulative plots to ensure no over-smoothing effects were 
introduced to the dataset (Vermeesch, 2004).
The data were collected in 7 sessions on 5 days over 7 months with a total of about 
120 analyses  of each of the 3 standard materials (i.e., Plešovice, Temora-2 and NIST 
610 glass). Plešovice average 206Pb/238U ages ranged from 330.9 ± 3.3 to 346.7 ± 2.7 
Ma. However, late sessions on 2 days gave subpopulations younger than the accepted 
TIMS age: 321.7 ± 4.4 and 324.2 ± 4.5 and were therefore excluded.
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A4.6. GEOCHRONOLOGICAL RESULTS
A total of 666 new U-Pb concordant ages were obtained from 1003 analyses of detrital 
zircons in clastic sedimentary rocks from the Bondonga beds, Silver Spur, Terrica 
beds, and Pikedale beds, and 10 concordant ages (of 50 analyses) from the Gibraltar 
Ignimbrite. Results are presented in Table A4.1, Figures A4.9-A4.13 and in Digital 
Appendix 7.
A4.6.1. ZIRCON AGES FROM THE SEDIMENTARY ROCKS
Detrital zircon spectra from the Bondonga, Silver Spur and Pikedale beds show limited 
variability (with the exception of sample BB_14_15; Table A4.1, and Fig. A4.10a, and 
b), which suggests that they represent a common provenance. Age distribution of 
detrital zircons from all sedimentary samples (with the exception of BB_14_15) shows 
that the largest components are consistently Carboniferous, ranging between 94–74% 
of concordant ages (Figs. 10c, and d). The second largest component (1.7–11.9%), 
consistent across all sedimentary samples, is within the Permian and also represents 
the youngest populations (with the exception of BB_14_15; Fig. A4.11). Sample 
BB_14_15 showed a significantly larger proportion of younger detrital zircon ages 
when compared to the other sedimentary samples (Figs. A4.9, and A4.10a-d). In this 
sample, 45.8% of detrital zircon ages are Permian and only 43.4% are Carboniferous 
(Fig. A4.11). 
A4.6.2. AGE OF THE GIBRALTAR IGNIMBRITE
Fifty grains from sample GB_14_01 were ablated and few were concordant. Except for 
one 312 ± 12 Ma concordant grain, the majority yielded Permo-Triassic ages, but most 
are significantly discordant and are interpreted to contain a significant common Pb 
component. Four grains were concordant, and five more grains became concordant 
if common Pb was corrected. These 9 grains together gave a weighted mean age of 
251.6 ± 3.2 Ma (Fig. A4.12) with an MSWD of 0.92. Relaxing the common Pb exclusion 
criteria (2%) allows a few more grains to be considered but the age is unchanged.
The accompanying 16 Plešovice analyses for sample GB_14_01 all had calculated 
common Pb<0.15%, except for one grain (0.5%). Their weighted mean average age 
was 332.7 ± 3.0 (95% confidence) with MSWD of 0.93. This is a 206Pb/238U age that, 
with uncertainty, is slightly younger than its reported TIMS age (337.13 ± 0.37 Ma, 
Sláma et al., 2008).
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Figure A4.9. Probability density 
plots of detrital zircon ages from the 
Lower Permian successions in the 
Texas Orocline.
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Figure A4.10. Cumulative proportions (a, and b) 
and probability density plots (c, and d) of detrital 
zircon ages from the Lower Permian successions 
in the Texas Orocline. Sections b and d are shown 
only for ages that are younger then 500 Ma. For 
individual samples see Figure A4.9. 
A4.6.3. MAXIMUM AGE OF THE 
SEDIMENTARY SUCCESSIONS 
The youngest zircon grains in a 
sedimentary rock provide a maximum 
constraint on the age of deposition. In 
order to obtain reliable and geologically 
meaningful age constraints for these 
sedimentary successions, a mean 
weighted average age was calculated for 
each sample using the youngest two or 
more overlapping concordant ages (within 
2σ error; Fig. A4.12).
The age of the youngest population 
of detrital zircons for all sedimentary 
samples ranges between ~302 Ma and 
~280 Ma. The calculated age of the 
youngest populations of the three samples 
from the Bondonga beds (Table A4.1) are 
302.4 ± 5.1 Ma, 295 ± 18 Ma and 280.7 
± 3.0 Ma (Figs. A4.12a-c, and A4.13). 
The calculated youngest population 
ages from the Terrica beds samples are 
297.8 ± 4.3 Ma and 283.1 ± 5.2 Ma (Figs. 
A4.12d, and e, A4.13, and Table A4.1). 
For the samples from the Silver Spur and 
Pikedale beds (Table A4.1 and Fig. A4.2a), 
the calculated youngest population ages 
are 289.7 ± 9.9 Ma and 281.7 ± 9.9 Ma, 
respectively (Figs. A4.12f, and g, A4.13, 
and Table A4.1). One younger concordant 
age from sample SB_14_01 (Silver Spur 
beds) was excluded from the regional 
tectonic interpretation due to a lack of 
reoccurrence (Table A4.1).
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Figure A4.11. Counts and proportions of detrital zircons ages from the Lower Permian successions in 
the Texas Orocline (this study) and from the Nambucca Block (Shaanan et al., 2015).
A4.7. DISCUSSION
A4.7.1. ORIGIN AND DEFORMATION OF THE BONDONGA BEDS
The dominant lithologies identified in the Bondonga Beds suggest that deposition 
occurred in shallow marine, glaciomarine, and possibly terrestrial depositional 
environments. Poor sorting and low physical and chemical maturity of clasts imply 
that detritus derived from a nearby source. This is also supported by the characteristic 
euhedral to subhedral morphology of the detrital zircons in the sedimentary samples.
Field observations and aeromagnetic data suggest that the Bondonga beds are fault 
bounded against the Devonian-Carboniferous Texas beds by a series of NW striking 
faults on the eastern limb of the Texas Orocline (Figs. A4.2b, A4.6, and A4.7). The 
dominant kinematics along these faults is sinistral strike-slip, as indicated by the 
presence of sub-horizontal slickenlines (Fig. A4.6) and the sinistral separation of 
magnetic features that is recognised in aeromagnetic images (Fig. A4.7). The timing of 
sinistral strike-slip faulting, however, is relatively poorly constrained. Displaced markers 
include the Greymare Granite (~280 Ma; Donchak et al., 2007). Fault activity, therefore, 
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Figure A4.12. Calculated youngest mean age populations of detrital zircons for the sedimentary samples 
(a-g) and the sample from the Gibraltar Ignimbrite (h). 
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may have occurred during the 265–230 Ma Hunter-Bowen Orogeny (Holcombe et 
al., 1997; Shaanan et al., in press), or during subsequent episodes of deformation 
that affected eastern Australia during the Mesozoic and Cenozoic (Babaahmadi and 
Rosenbaum, 2014a, 2014b; Babaahmadi et al., 2015). The earlier history of these 
faults, and their relationships to the development of the Early Permian basin, remains 
an open question. Based on direct dating of fault gouge, Rosenbaum et al. (2015) 
have recently argued that orocline-parallel faulting (along the eastern limb of the Coffs 
Harbour Orocline) occurred in the Early Permian (~288–285 Ma). The major faults that 
bound the Bondonga beds are oriented parallel to the eastern limb of the Texas Orocline 
(i.e., western limb of the Coffs Harbour Orocline), and it is theoretically possible that 
both sets of (conjugate?) faults were active simultaneously during the Early Permian. 
If so, faulting may have also played a role in shaping the architecture of the Early 
Permian sedimentary basin.
Observed folds in the Bondonga beds (Fig. A4.8) appear to represent at least two 
generations of macroscopic folds, which likely explain the changes in bedding 
orientations and the local overturing (e.g., in the area of the type locality). Unfortunately, 
the macroscopic folded structure remains poorly constrained due to scarcity of minor 
folds, the absence of axial plane cleavage, and the effect of fold superposition (e.g., 
Fig. A4.8a). Based on the angular unconformity between the Bondonga beds and the 
Mosman Formation (Fig. A4.2c), we conclude that the timing of folding must have 
occurred during the Permian, most likely in response to Hunter-Bowen deformation. 
A4.7.2. TIMING OF DEPOSITION
The new U-Pb ages of detrital zircons from the Bondonga, Silver Spur and Pikedale 
beds show striking similarities when plotted on a cumulative proportion curve (with the 
exception of BB_14_15; Fig. A4.10a, and b). Furthermore, probability density curves 
of detrital zircon ages of all sedimentary rock samples in the Texas area (with the 
exception of sample BB_14_15) show similar population trends (Fig. A4.10d) and 
youngest maximal depositional ages range consistently between ~302 Ma and ~280 
Ma (Figs. A4.12, and A4.13). The trend of cumulative proportions for the provenance 
samples (BB_14_08, SB_14_01 and PK_14_04; Fig. A4.10a, and b), and probability 
curves of all samples combined (excluding sample BB_14_15; Fig. A4.10c, and d), 
in conjunction with similarities in youngest maximal constraints on depositional ages 
(Figs. A4.12, A4.13, and Table A4.1), suggest that the Lower Permian sedimentary 
successions in the vicinity of the Texas Orocline shared a similar provenance and are 
possibly remnants of a single large basin.
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Sample BB_14_15 yielded a maximum depositional age of 280.4 ± 5.1 Ma (Figs. A4.12, 
and A4.13), which is significantly younger (15 My) than the maximum depositional age 
constraint from the other samples in the Bondonga beds (Fig. A4.13). This discrepancy 
suggests that sedimentation of the Bondonga beds continued, at least locally, until ~280 
Ma. The minimum age of sedimentation is constrained by 251.6 ± 3.2 Ma emplacement 
of the overlying Gibraltar Ignimbrite.
Our results are consistent with previous constraints on the timing of deposition of 
the Lower Permian successions in the Texas Orocline, which were based on the 
identification of Cisuralian fossils (Olgers et al., 1974) and a U-Pb SHRIMP zircon age 
of 293.7 ± 3.4 Ma from a volcanic layer in the Alum Rock beds.
A4.7.3. REGIONAL CORRELATIONS AND TECTONIC IMPLICATIONS
The best-constrained age from the Lower Permian successions in the Texas Orocline 
is from the Alum Rock beds (Olgers et al., 1974; Roberts et al., 1996), which include 
lower Asselian macroinvertebrate fossils in the lower part, mid-Sakmarian invertebrates 
in the top part of the succession, and a 293.7 ± 3.4 Ma pyroclastic rock in the upper 
part of the succession (Roberts et al., 1996). This succession is closely comparable 
to other glaciogenic successions of Asselian age in the Galilee Basin (Fig. A4.1a; 
Boonderoo Beds; Jones, 2003; Jones and Fielding, 2004), northern New England 
Orogen (Youlambie Conglomerate of the Yarrol Block; Jones, 2003; Jones and Fielding, 
2004), Hastings Block (Fig. A4.1b; Youdale B Formation; Fielding et al., 2008), Werrie 
Block (Fig. A4.1b; Woodton Formation; Roberts et al., 2006), and Cranky Corner Block 
(Fig. A4.1b; Beckers Formation; Facer and Foster, 2003). These glaciogenic strata are 
all assigned to the lowermost Permian P1 glaciation of Fielding et al. (2008). Younger 
glaciogenic strata of P2 (Fielding et al., 2008) are likely preserved in other Permian 
outliers but are not exposed in the Alum Rock area. The successions in the Bondonga, 
Terrica and Silver Spur beds all contain Permian fossils, while the Pikedale beds are 
assigned a tentative Permian age on the basis of lithological similarity with the other 
nearby outliers (Donchak et al., 2007). The new data reported herein from the Bondonga 
beds and the other Lower Permian successions of the Texas Orocline are entirely 
consistent with this broader dataset, both in terms of the depositional environment and 
the geological age range. 
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Figure A4.13. Time space diagram showing age constraints for the Lower Permian successions in 
the Texas area and the Nambucca Block. Dots mark age constraints for sedimentary successions and 
pegs mark igneous ages. Dashed lines highlight the inferred spatial and temporal distribution of Lower 
Permian successions in the southern New England Orogen.
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The preservation of Lower Permian successions in a series of apparently separate, 
fault bounded basins from north Queensland to southern New South Wales has been 
interpreted to record a phase of widespread, albeit limited, crustal extension that initiated 
the Sydney-Gunnedah-Bowen Basin System (Scheibner, 1973; Ziolkowski and Taylor, 
1985; Fielding et al., 1990, 1997; Holcombe et al., 1997; Korsch et al., 2009). The 
stratigraphies of the Lower Permian infrabasins vary significantly from one to another, 
but all share in common abrupt lateral changes in stratigraphic thickness and facies, 
an abundance of coarse clastic lithologies (conglomerates, diamictites), and presence 
of interbedded magmatic rocks of bimodal composition (typically basaltic lavas and 
shallow intrusions, with dacitic to rhyolitic lavas and pyroclastic rocks; Fielding et al., 
1997). The fills of nearly all these extensional basins are Asselian to Sakmarian in 
age, and are overlain by more laterally extensive and uniformly distributed deposits of 
Artinskian and younger ages. The stratigraphic records of the Bondonga, Silver Spur, 
Pikedale, Terrica and Alum Rock beds are consistent with those of Lower Permian rift 
basins elsewhere in the region. Furthermore, the correlation and similar provenances, 
as well as maximal depositional age constraints of Lower Permian successions in the 
Texas Orocline, show that the influx of detritus into Lower Permian successions was 
predominantly sourced proximally from within the southern New England Orogen. This 
suggests that they were affected by the same tectonic mechanisms and that they may 
have been physically connected during the Early Permian. 
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Detrital zircon data from the Nambucca Block, which is the largest exposed Lower 
Permian succession in the southern New England Orogen, show similar youngest age 
populations (Fig. A4.13; 299 ± 1.4 Ma, 297 ± 6 Ma, 293 ± 7 Ma and 285 ± 2.3 Ma; 
Adams et al., 2013; Shaanan et al., 2015). However, a comparison of detrital zircons 
ages show similar Paleozoic zircon population peaks that have different proportions 
(Fig. A4.11). The presence of immature sedimentary, plutonic and volcanic clasts 
identified in the Nambucca Block (Shaanan et al., 2014) show strong similarities with 
the immature detrital lithologies observed in Lower Permian successions in the Texas 
Orocline. The similarities in provenance and deposition age suggest that the basinal 
successions in the Texas Orocline and the Nambucca Block may be correlative, but 
this remains to be established.
Whether the Lower Permian successions of the southern New England Orogen are 
correlative or not is yet unclear, but the formation of Lower Permian sedimentary basins 
throughout the orogen was likely associated with widespread extension. Shaanan et al. 
(2015) have suggested that during the Early Permian, the New England Orogen was 
positioned at a backarc extensional environment, with the arc being positioned farther 
east. Backarc extension is indicated by the (local) occurrence of high temperature 
metamorphism (Craven et al., 2012), crustal melting (Jeon et al., 2012; Phillips et al., 
2011), and exhumation of metamorphic core complexes (Little et al., 1993; Holcombe 
and Little, 1994). Furthermore, U-Pb detrital zircon age spectra from the Nambucca 
Block consist of a large Proterozoic fraction (Fig. A4.10), which was likely transported 
to the backarc region from cratonic Gondwana (Shaanan et al., 2015). The Lower 
Permian successions in the Texas Orocline were likely associated with this backarc 
extensional system. 
The spatial distribution of the Lower Permian successions in the Texas area shows that 
these basins are exposed approximately parallel to the structural grain of the Texas 
Orocline (Fig. A4.1f). The Ashford Basin is exposed parallel to the western limb of the 
orocline (Fig. A4.1f), the Silver Spur beds are situated approximately in the hinge of 
the orocline, and the Bondonga, Pikedale, Terrica and Alum Rock beds are exposed 
parallel to the eastern limb of the orocline (Fig. A4.1f). These basins now mimic the 
oroclinal structure and support the interpretation that the orocline formed during or 
after basin formation (Fig. A4.1f). 
In many modern examples, such as in the Mediterranean, the process of oroclinal 
bending is intimately linked to backarc extension (Rosenbaum, 2014). This process is 
ultimately controlled by trench retreat, which leads to a progressive curvature of the 
plate boundary accompanied by backarc extension. The Lower Permian successions in 
the Texas Orocline were deposited during the formation of the New England Oroclines, 
thus supporting the suggestion that trench retreat and backarc extension have played 
a major role during oroclinal bending (e.g., Rosenbaum et al., 2012; Shaanan et al., in press).
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A4.8. CONCLUSIONS
New U-Pb zircon ages for Lower Permian successions in the Texas Orocline, in 
conjunction with new structural data from the Bondonga beds, provide insights into 
the Early Permian depositional environment and tectonic history of the southern 
New England Orogen. U-Pb geochronology provides maximum depositional age 
constraints that range between ~302 Ma and ~280 Ma. Field observations and U-Pb 
geochronological data suggest that the successions in the vicinity of the Texas Orocline 
are correlative, and are possibly remnants of a single larger basin. Furthermore, the 
Lower Permian successions in the Texas Orocline have equivalent depositional age 
constraints to the Early Permian Nambucca Block, which has recently been interpreted 
as a backarc extensional basin (Shaanan et al., 2015). Basin development and 
sedimentation occurred during or after the formation of the New England oroclines 
(~300–260 Ma), thus indicating that trench retreat and backarc extension have likely 
played a role in the formation of these basins during oroclinal bending.
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